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1 Introduction 

1.1 Hard processes in QCD 

Quantum chromodynamics (QCD) is the theory of strong interaction, one of the four ele- 
mentary interactions of the universe. It is a relativistic quantum field theory of Yang-Mills 
type, with the SU (3) gauge group. The quarks and gluons elementary fields are confined 
inside hadrons. Nevertheless, they can be expressed as superpositions of Fock states: 

- mesons (71, t] ,fQ, p, a- ■ ■): \qq) + \qqg) + \qqqq) H 

- baryons {p, n,N,A--- ): \qqq} + \qqqg) + \qqqqq) H 

In contrast with electrodynamics, strong interaction increases with distance, or equivalently 
decreases when energy increases. This phenomenum, called asymptotical freedom, means 
that the coupling satisfies as{Q) ^ 1 for 2 2> Aqcd — 200 MeV. The natural question which 
then arises is how to describe and understand the internal structure of hadrons, starting from 
their elementary constituents, despite the confinement. In the non-perturbative domain, the 
two available tools are: 

- Chiral perturbation theory: systematic expansion based on the fact that u and d quarks 
have a very small mass, the n mass being an expansion parameter outside the chiral limit 
(in which these mass would be set to zero). 
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Fig. 1 The partonic description of tlie electromagnetic proton form-factor. Tlie partonic process at lowest 
order, calculable based on pertubation theory, is surrounded by a dashed line. 

- Discretization of QCD on a 4-d lattice, leading to numerical simulations. 

Other analytical tools have been proposed recently, among which is the AdS/QCD cor- 
respondence, a phenomenological extension of the AdS/CFT correspondence. 

Besides these tools, one may wonder whether it is possible to extract informations re- 
ducing the process to interactions involving a small number of partons (quarks, gluons), 
despite confinement. This is possible if the considered process is driven by short distance 
phenomena, with typical distances between the interacting partons much less than 1 fm, i.e. 
for a, ^ 1. This is the underlying principle of perturbative methods. In practice, this may be 
of practical use when hitting strongly enough a hadron. This can be illustrated by the elastic 
scattering of an electron on a proton, introducing the proton form factor, as shown in Fig[T] 
This description is based on following hierarchy of time scales 

^ electromagnetic interaction ^ ^ parton life time after interaction ^ strong interaction 

which is valid when both the virtuality (fi of the exchanged virtual photon (7*) and the 
square of the center-of-mass energy of the 7* p pair are large with respect to A^^^ . 

More generally, perturbative methods can be applied to any process governed by a hard 
scale, called generically hard processes. This can be the virtuality of the electromagnetic 
probe: 

- in elastic scattering e^ p ^ e^ p 

- in deep inelastic scattering (DIS) p ^ e^X 

- in deep virtual Compton scattering (DVCS) — s- e^py. 

This also applies to e+e^ — )• X annihilation where the hard scale is provided by the total 
center of mass energy. In meson photoproduction yp ^ M p & large r-channel momentum 
exchange can justify the application of perturbation theory. Finally, the hard scale can be 
given by the mass of a heavy bound state, e.g. — //f p. 

A precise treatment relies on factorization theorems. The scattering amplitude is de- 
scribed by the convolution of the partonic amplitude with the non-perturbative hadronic 
content, as illustrated in Fig|2l 



1.2 From inclusive to exclusive processes 

Historically, the partonic proton content was first studied in DIS. In this inclusive process, 
the measurement of the two external kinematical variables (fi and jytp give a direct access 
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Fig. 2 Factorization of various liard processes. Left: Elastic p — > p. Center: Deep inelastic scattering 
p -> e^X. Right: Deep virtual Compton scattering p — > py. In each case, the partonic process at 
lowest order is surrounded by a dashed line. 




( BFKL 




Fig. 3 The various regimes governing the partonic content of the proton in the (In ,Y) plane. 



to the kinematics of the partonic process, through 

Srp = {^*y + Pp)' =4EI^., Q^ = -q\,>0, XBj = - -~ ——2 (1) 

as illustrated in Fig[2](Center). Indeed, the two parameters xg j and have a direct interpre- 
tation in the Feynman-Bjorken mecchanism: xb is the proton momentum fraction carried by 
the scattered quark while 1 /Q <C 1 /A^qcd is the transverse resolution of the photonic probe. 
There are several regimes governing the evolution of perturbative content of the proton in 
terms of xbj and Q^, as illustrated in Fig[3] The first domain, corresponding to the "usual" 
regime, with Sytp ~ Q-, for which xbj is moderate (xbj > .01), is described by an evolution 
in Q governed by the QCD renormalization group. This is the so-called Dokshitser, Gribov, 
Lipatov, Altarelli, Parisi (DGLAP) equation |T|[2l|3l, which sums up terms of type 

^(a^lng-)" + a,^(a,lne2)« + .... 

n n 

LLQ NLLQ (2) 

Note that this perturbative approach is based on collinear factorization, which we shall dis- 
cuss further in Secs ll.3l and ll.4l 
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Besides this domain, in the perturbative Regge limit, for which Sfp — >• °° i.e. xbj ~ 
js-fp — ^ 0, another evolution is expected to deal with the stacking of partons. This leads 
to the Balitskii, Fadin, Kuraev, Lipatov (BFKL) equation a resummation which 

looks symbolically like 

J^(a, In l/xfiy)" + a, In 1/;cb;)" + ■ ■ ■ . 

n n 

LLx NLLx (3) 

This perturbative approach is based on the kj factorization, which we shall discuss further in 
Sees. 13.21 At very small values of x^j, the density of partons cannot grow for ever, and some 
kind of saturation phenomena should tame this growth. Its simpliest version is described 
by the Balitski-Kovchegov (BK) equation ll8ll9l llOlflllll2l[T3l , which realizes this saturation 
through "fan diagrams" developing from the probe toward the nucleon target, these diagrams 
being made of Pomeron exchanges recombining through triple Pomeron vertices H41I15II161 
[TtI . a common building block of various approaches [18 , 19 ,20 21]. Further extensions of 
these models are known under the acronym JIMWLK Il22i.23..24.,25]l26ll27ll28ll29ll30l . 

Besides these rather inclusive studies, a very important effort is being realized in order to 
get access to the hadron structure through exclusive processes. Going from inclusive to ex- 
clusive processes is difficult, since exclusive processes are rare! This requires high luminos- 
ity accelerators and high-performance detection facilities. Such studies have been carried on 
in recent or actual experiments such as HERA (HI, ZEUS), HERMES, JLab@6 GeV (Hall 
A, CLAS), BaBar, Belle, BEPC-II (BES-III). In the near future, several experiments, either 
already built or planned, will offer various possibilities for precise experimental studies: 
LHC, COMPASS-II, JLab@ 12 GeV, Super-B, EIC, ILC. Let us briefly summarize, in a non 
exhaustive way, the various studies which may be carried in these experimental facilities: 

- Proton form factor at JLab@6 GeV and in the future at PANDA (timelike proton form 
factor through pp — )■ e+e^) 

- 7*7 single-tagged channel at e+e^ colliders ( BaBar, Belle, BES,...): Transition form 
factor 7*7—)^ n. generalized distribution amplitudes (GDAs) in 7*7— >^ exotic hybrid 
meson production 

- DVCS and generalized parton distributions (GPDs) at HERA (HI, ZEUS), HERMES, 
JLab@6 GeV and in the future at JLab@12 GeV, COMPASS-II, EIC, and time-like 
Compton scattering at JLab@12 GeV and in ultraperipheral collisions at RHIC and 
LHC 

- Non exotic and exotic hybrid meson electroproduction: GPDs and distribution ampli- 
tudes (DAs), etc... at NMC (CERN), E665 (Fermilab), HERA (HI, ZEUS), COMPASS, 
HERMES, JLab 

- Transition distribution amplitudes (TDA) (PANDA at GSI) 

- Transverse momentum distributions (TMDs) ( BaBar, Belle, COMPASS, ...) 

- Diffractive processes, including ultraperipheral collisions at LHC (with or without fix 
target), ILC 

Very important theoretical developments have been carried during the last decade. The key 
words are DAs, GPDs, GDAs, TDAs ... TMDs, to be explained further on. Two fundamental 
tool will be presented. The first one, devotted to medium energy experiments, therefore 
applicable at JLab, HERMES, COMPASS, BaBar, Belle, PANDA, Super-B, is the coUinear 
factorization. The second one, which is specific to asymptotical energies, applies to high- 
energy collider experiments, like HERA, Tevatron, LHC, ILC (EIC and COMPASS at the 
boundary), and is called kj -factorization. 
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Fig. 4 Factorization of DIS (left) and DVCS (riglit) amplitudes. 



1.3 Extensions from DIS 

Factorizing the leptonic tensor, DIS e^p — >■ e^X deals with the inclusive subprocess y*p ^ 
X. Through optical theorem, the total cross-section of this subprocess is related to the imag- 
inary part of the forward Compton amplitude 7*p — > Y*p . This amplitude can be expanded 
on the basis of transverse and longitudinal polarization tensors, defining the transverse and 
longitudinal structure functions. In the limit of a hard virtual photon, this later amplitude 
factorizes into a hard part and a soft part, as illustrated in the left panel of Fig. |4] This is a 
mathematical convolution (for the longitudinal momemtum fraction x) between coefficient 
functions (CFs) and parton distribution functions (PDFs), symbolically written as 

Im^^f p^fp =CF® PDF (4) 



We now consider the virtual Compton scattering (VCS) process 

Y*{q)p{p)^Y*{q)p{p), (5) 

which opened the way to the introduction of non-forward parton distributions, now called 
This is a subprocess of the exclusive process 

e^A' -> e^Ny- (6) 

The skewness , which caracterizes the relative amount of longitudinal momentum trans- 
fered to the nucleon, is defined in a covariant manner by 

{q-c()-{q + c() 
^ {p + p')-{q + q')- ^' 

From Eq. ^ one deduces, in the special case of DVCS where the produced photon is real, 
that 



2-XBj 



(8) 



which relates the skewness to the usual xbj parameter. This shows in particular that at small- 
xbj , typically at HERA collider (HI, ZEUS), skewness effects are rather small, and were in 



' For early reviews on GPDs, see Refs. 13 11321 ). See Refs. I33I34I for more recent reviews. Up-to-date 
reviews on models and data can be found in Refs. I35I36I37I . 
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particular overcome in the seminal paper [381 on diffractive electroproduction, which was 
devoted to HERA kinematics. 

The amplitude of the process ([S} is the sum of the DVCS contribution and of the Bethe- 
Heitler (BH) one (where the 7 is directly emitted by the e*). The BH process can be com- 
puted in QED, based on the measurement of proton elastic form factors. On the other hand, 
the DVCS amplitude involves GPDs, which are thus in principle accessible. The squared 
amplitude of the process ((S} reads 

1^1 =1^489 1 -|-|Af)vc.s| ''tAi^ivcsA'^h ~^^llVCS^BH ■ (9) 



In practice, one can extract GPDs directly from the process ^ when the BH amplitude is 
negligible, which turns out to be the case at small xbj, a typical situation for HI and HERA. 
In the more general situation when xbj is not small, the extraction of GPDs is made easier 
through the study of the interference / between the DVCS and the BH amplitudes. This can 
be done based on two generic methods: either by studying beam-charge asymmetries or by 
using beam polarization asymmetries. 

The DVCS amplitude factorizes in the kinematical region Q~ ^ Aqcd and s ^ —t 1391 
I40ll41ll42l : it is a convolution between CFs and GPDs 

^Y'P^YP =CF® GPD , (10) 

as illustrated at twist-2 level in the right panel of Fig.|4l A time-like version of DVCS, with 
an incoming on-shell photon and an outgoing time-like photon, factorizes and is expected 
to give access to the same GPDs 1143 II 441 . 

Replacing the produced photon by a meson M, whose partonic content is described by 
a DA, meson electroproduction again factorizes like II45II40I 

^fp^Mp = GPD®CF®DA, (11) 

as illustrated in the left panel of Fig. |5] A shown in Ref. 1391 by considering the light-cone 
limit of non-local twist 2 operators, and then investigated in I46II47L the cross-process of 
DVCS has a factorized form in the kinematical region 2> A^^^, and s ^ —t 

t y^hadron hadron = CF ® GDA , (12) 

where the GDAs describes the partonic content of a hadron pair. This is illustrated in the 
right panel of Fig. [5] 
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DVCS is an extension from DIS by allowing the kinematics to be non-diagonal. Starting 
from usual DVCS, further extensions are obtained by allowing the initial and final hadrons 
to differ. When being in the same octuplet, this leads to introduce transition GPDs. An even 
less diagonal quantity is naturally introduced when the baryonic numbers of the initial and 
final hadron differ, by f ^ m crossing from DVCS, leading to the introduction I48II49II of the 
TDA of the hadron to a photon, as shown in Fig.|6] This can be further extended by replacing 
the outgoing y by any hadronic state. As an example, the p ^ K TDA could be studied at 
PANDA, in the forward pp — s- 7*;r scattering I50L as shown in Fig.|71 



1.4 Factorization 



Factorization relies on two steps: the first one is based on momentum factorization, based on 
the light-cone dominance in the 2" — s- °° limit. The natural frame to set up this factorization 
is the Sudakov decomposition, introducing two light-cone directions p\ and p2 

/'i = ^(l,Ox,l), P2 = ^(l,0x,-1) (13) 
with 2p\- p2 = s ^ Sf p. Any four- vector is then expanded according to 



k = api + Pp2 + 

+ - -L 



(14) 
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Fig. 8 Factorization of DVCS in momentum space at large (£- . 



At large considering the momentum k of the parton connecting the hard part H with 
the soft part S, the hard part only depends on the component of k along the incident hadron 
(denoted as the — component). In this approximation, the amplitude is then the convolution 
with respect to the — fraction of the hard and soft part, as illustrated in Fig. [8] and reads 
symbolic aly 

j d'^kS{k,k + A)H{q,k,k + A)= j dk' j dk+d^k^S{k,k + A)H{q,k- ^k' +A-) (15) 

The second step is to perform the factorization with respect to quantum numbers, in ac- 
cordance to C, P and T parity which select the allowed structures when performing Fierz 
decomposition in t channel (among the 16 Dirac matrices in the case of quark exchange). 




Fig. 9 Collinear factorization of p-electroproduction. 



The case of p -meson production involves a second collinear factorization. Indeed the 
p-meson is described by its wave function f which reduces for hard processes to its DA 
I51II52II53II54II55I , originally introduced in the case of form factors, as (denoting /+ = m p2) 

I'll <« 

^{u,^j) = jdrj d^l^W{£,£-pp) (16) 

where fj.f is the factorization scale. For large Q~, factorization symbolicaly reads 

|i:l<f'p 

J d'^eM{q,£,£-pp)W{£,£-pp)= J d£+M{q; £+,£+- p+) J d£' J d^£^W{£,£- pp) 

= p+ / duM(q; iip+, -up+;^f) ^{u,^If) ■ (17) 
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as illustrated in Fig. |9l The arbitrariness of the amplitude with respect to Hf leads to the 
Efremov, Radyushkin, Brodsky, Lepage (ERBL) equations for the DAs I56II57||58]| . 




fig] 



jd*k k 



p = P2-A 



Fig. 10 Momentum space factorization of p-electroproduction. 



The scattering amplitude for meson electroproduction has the fully factorized form, 
shown in the left panel of Fig. 1101 




j d^kd^(.S{k,k + A)H{q; k, k + A)1'{£, £ - pp) = p- p+ J dxdu 



(18) 



1*11 <f,'. 



jdk+ j d^k^S{k,k + A) 



H{q-{x + £,)p ,{x-£,)p ■up+,-upp,^f^;^f-,)<P{u,^f^). 



After completing momentum and quantum number factorization, we have thus been led to 




Fig. 11 Factorization of p-electroproduction including quantum numbers. Crosses symbolize F matrices. 
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introduce three building blocks entering Fig.[TT| These are 





G^ 



+ 




hand-bag diagrams 



(xffDAV = {M{p,l)m^,^,A)\0) --t^- element of a non-local light-cone 

r 

(5<)r' 

= (N(p')\ff'(W W A)\N(p)) ™trix element of a non-local light-cone 
N{p) [GPD} N{p"^ ' ' 



1.5 GPDs at twist 2 



The GPDs have a simple physical interpretation at twist 2, illustrated in Fig. [T2l based on 
density number operators |59II6Q||6T|. As for DAs, the arbitrariness in the choice of leads 
to evolution equations for GPDs, called ERBL-DGLAP equations I62II63II64II39I , which are 
extensions of the ERBL I56II57II58II and DGLAP fT]|2ll3ll evolution equations. 




Emission and reabsoption 
of an antiquark 
~ PDFs for antiquarks 
DGLAP-II region 



Emission of a quark and 
emission of an antiquark 
~ meson exchange 
ERBL region 



Emission and reabsoption 
of a quark 
~ PDFs for quarks 
DGLAP-1 region 



Fig. 12 The partonic interpretation of GPDs (Fig. from Ref.jSSj). 



For quarks, one should distinguish two kinds of GPDs. The exchanges without helicity 
flip involve chiral-even F' matrices, and define 4 chiral-even GPDs: i/* (reducing to the 
PDF q in the limit ^ =0,t = 0), H'' (which is the polarized PDF Aq in the limit = 0, 



11 



t = 0) and defined by 
1 fdz+ 



pi = 



1% 



2 

1 

2P 
1 

'in 



'{p'\q{-\z)Y-qaz)\p) 



■z-=0,z^=0 



{x, ^ , t) u{p')y-u{p) + E''{x, ^ , t) a{p') '-^^^u{p) 



2 
1 

2F 



=0,zx=0 



7f*(x,^,0M(p')7"75«(/')+£'(-^,^,f)«(/'')^«(/') 



(19) 



The exchanges with helicity flip involve chiral-odd F' matrices, leading to the 4 chiral-odd 
GPDs H\ (the quark transversity PDFs Ajq when = 0, f = 0), H|, defined by 

1 (dz^ 



(20) 



1 



-u(p' 



P-A'-A-P' 



■+E'. 



,j y-A'-A-y ^ p y-P'-P-y 



2m 



i{p) . 



Analogously, there are 4 gluonic GPDs without helicity flip: (it is the PDFxg in the limit 
^ = 0, f = 0), £«, (it is the polarized PDF xAg when = 0, f = 0) and E^; and 4 gluonic 
GPDs with helicity flip: Hj, Ej, Hj and Ej (there is no forward limit reducing to gluons 
PDFs here: a change of 2 units of helicity cannot be compensated by a spin 1/2 target). 



1.6 Selection rules and factorization status 

The selection rule for the meson electroproduction can be obtained in a simple manner. 
Since for a massless particle chirality = + (resp. -) helicity for a (anti)particule and based on 
the fact that QED and QCD vertices are chiral even (no chirality flip during the interaction), 
one deduce^ that the total helicity of a qq pair produced by a y* should be 0. Therefore, 
the helicity of the y* equals the z projection of the qq angular momentum Lf . In the pure 
coUinear limit (i.e. twist 2), the qq does not carry any angular momentum: L?'' = . Thus the 
y* is longitudinally polarized. Additionaly, at f = there is no source of orbital momentum 
from the proton coupling, which implies that the helicity of the meson and of the photon 
should be identical. In the coUinear factorization approach, the extension to f ^ changes 
nothing from the hard part side, the only dependence with respect to t being encoded in the 
non-perturbative correlator which defines the GPDs. This implies that the above selection 
rule remains true. Thus, only 2 transitions are possible (this is the so-called i— channel he- 
licity conservation (SCHC)): }^ — )■ Pl, for which QCD factorization holds at t=2 at any 
order (i.e. LL, NLL, etc..) 1451 and y^ — >■ pr, corresponding to twist f = 3 at the amplitude 
level, for which QCD factorization is not proven. In fact an explicit computation of the pr 
electroproduction 1651 at leading order shows that the hard part has end-point singularities 
like 

1 1 

C du r du 

— and / (21) 

J u J l—u 



occuring when the momentum fraction carried by the quark or the anti-quark vanishes. 



^ This is the same reason which explains the vanishing of in DIS. 
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1.7 Some solutions to factorization breaking? 

In order to extend the factorization theorem at higher twist, as well as to improve the phe- 
nomenological description of hard exclusive processes at moderate values of the hard scale, 
several solutions have been proposed. One may add contributions of 3-parton DAs I66II67I 
for Pt I68II69I (of dominant twist equal 3 for pr). This in fact does not solve the problem, 
while reducing the level of divergency, but is needed for consistency. 

On top of the potential end-point singularities discussed above, phenomenologicaly the 
use of simple asymptotical DAs lead usually to a too small ERBL contribution in hard ex- 
clusive processes, a situation which is not improved by NLO corrections. It was suggested 
by Chemyak and Zhitnitsky 1701 to use DAs which would be mostly concentrated close to 
the end point, and not identical to the asymptotical DA, a solution which indeed improve 
very much the description of the data, for example of the pion form factor. However, since 
close to the end-point one may face theoretical inconsistencies when justifying the factor- 
ization, Li and Sterman 1711 then introduced an improved collinear approximation (ICA). 
They suggested to keep a transverse £x dependency in the q, q momenta. Soft and collinear 
gluon exchange between the valence quarks are responsible for large double-logarithmic 
effects which exponentiate. The corresponding study is made easier when using the impact 
parameter space fc^ conjugated to £x i leading to the Sudakov factor 



a factor already involved in previous studies of elastic hadron-hadron scattering at fixed 
angle 1721 . S diverges when fc^ ~ 0{l / Aqcd) (large transverse separation, i.e. small trans- 
verse momenta) or small fraction u ~ 0{Aqcd / Q) ■ This thus regularizes potential end-point 
singularities, even when using non asymptotical DAs. See Ref. |f73l for a detailled and peda- 
gogical discussion in the case of the 77* — s- 71^ form factors. These Sudakov effects have been 
implemented outside of pure QCD processes, in particular for the study of semi-leptonic 
B ^ n decay 1741 . In this ICA, a dependency of the hard part with respect to the partons 
transverse momenta is kept. This suggested Jakob and KroU to keep such a dependency also 
inside the wave function of the produced meson. This was implemented in the form of a an 
ad-hoc non-perturbative gaussian ansatz 1751 



and other similar ansatze, which give back the usual asymptotic DA 61111 when integrating 
over /cx • These gaussian ansatze combined with the perturbative Sudakov resummation tail 
effect were then implemented for various phenomenological studies like the pion form factor 
1751 , the meson-photon form factor I76II77I . The phenomenological description of the pion 
form factor is then improved, but is still below the data, even with the Chernyak and Zhitnit- 
sky model. For other observables for which one really faces a end-point singularity, like the 
above example of pj-electroproduction, the same approach seems to allow for a consistent 
treatment, and at least to interesting models I78ll79ll80ll81l which can describe the meson 
electroproduction data, in particular the HERA data at small-x^y. We will in Sec. l3.3l that at 
small XBj , relying on the A:^— factorization, the off-mass-shellness of the channel gluons 
can serve as a regulator, preventing from facing end-point singularities. 



exp[-5'(M,fc,e)] , 



(22) 



exp[— a' |A:^|/(mm)] , 



(23) 
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2 A few applications 



2.1 Electroproduction of an exotic hybrid meson 



Using J = L + S and neglecting any spin-orbital interaction, S, L can be considered as addi- 
tional quantum numbers to classify hadron states, witli 

i^=J{J+\), 8^ = 5(5+1), l2=L(L-M), (24) 

and / = \L— S\ ,L + S. In the usual quark- model, meson are qq bound states with charge 
parity C and space parity P satisfying 

C=(-)^+^ and P=[-f+\ (25) 



Thus the allowed quantum numbers are 

S = Q,L = J, J = Q, 1,2,... : /^"^ = 0-+(;r,T]), l+-(/ii,fci), 2"+, 3+", ... 
5= 1, Z. = 0, 7= 1 : J^'^ = l—{p,w,(l)) 

Z.= l,/ = 0,1,2 : 7^c = o++(/o,flo), l++(/i,ai),2++(/2,a2) (26) 

L = 2,7=l,2,3: j''^ = r^, 2— , 3"- 



which show that the exotic mesons with 7^'- =0 ,0+ ,1 +, ■ • ■ are forbidden. 

We restrict ourselves to the light 1 ^ exotic meson, denoted as H. There are several 
experimental candidates for // : the ;ri ( 1 400) , seen at GAMS [82l. E852 t83]|. Crystal Barrel 
lIMllSSl , VES im, the ;z:i (1600), seen at E852 f87U88 .89.9oli9n . Crystal Barrel 122, VES 
||93]|94l [86l[95l, most recently confirmed by COMPASS (96), and the Tti (2000) ||90ll9n . 

Based on the fact that an extra degree of freedom is required to describe these exotic 
quantum numbers II97II98I , one possibility is to consider a tower of Fock states starting 
with \qqg) {\qqqq) states may also be considered). The natural question is then to study the 
feasibility of producing exotic meson in hard exclusive processes. Based on the fact that 
such a Fock state is expected to be a higher twist component (of twist 3 when thinking of 
the genuine twist 3 content of the usual p-meson), a strong \/Q suppression was expected 
in hard electroproduction of K\ with respect to p. It was shown in Refs. I99II100I that no 
suppression should be expected. This is based on the fact that the gluonic field operator 
does not need to appear explicitely in the local interpolating operator 'P, A) creating 

the \qqg) state. Indeed, while the twist of such a typical operator ^'y^^G^y^ is 4, leading 
to a 1/2^ suppression, collinear approach describes hard exclusive processes in terms of 
non-local light-cone operators, among which are the twist 2 operator 

V/(-z/2)7p[-z/2;z/2]v/(z/2) (27) 

where [— <:/2;z/2] is a Wilson line, necessary to fuUfil gauge invariance (i.e. a "color tube" 
between q and q) which thus hides gluonic degrees of freedom: at twist 2 the needed gluon 
is there. 

The H DA is defined as (for longitudinal polarization) 



(/f(p,0)lv/(-z/2)r^[-z/2;z/2]v^(z/2)l0) 



■ ifHMHefjdye'(y-y)P-~l^^{y) . (28) 
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Inserting the C-parity operator gives an antisymmetric DA for i/", $1 {y) = —0^(1 —y), 
while the usual p DA is symmetric. The identification of quantum numbers can be performed 
when expanding the operator in the l.h.s of Eq. ( 128b in terms of local operators 



{H{p, X ) I xjf{-z/2) 7^ [-z/2; z/2] v/(z/2) 1 0) 



where is the usual covariant derivative and 0^= j [D^ — ) . The hybrid selects the 
odd-terms 

{H{p, X ) I nr{-z/2) 7^ [-z/2; z/2] w{z/2)\0) = 

nodd 

while the usual p -meson would select the even terms. The special case n = 1 is just 

^pv = S(^v,)Vi^(0)r^ Dv (29) 

with S(^v) the symmetrization operator S(^fiv)Tixv = ji^ixv + TV/i) • The relation with the 
hybrid DA is now 

1 

{H{p,X)\.'%^y\0) = \fHM„S(^,^ef p, j dy{\-2y)^"{y). (30) 



The C- and P- parity are consistent since C{Rfiv) = + and P{Rm) = — (after going to rest- 
frame: Pi = and eo = 0). The last step to control the order of magnitude is to fix fn (the 
analogue of fp). It turns out that the operator .'Mf^y is related to quark energy-momentum 
tensor 0jjv : •'^■p.v = —i®tiv which was studied based on QCD sum rules I101II102I . Using 
the resonance for M w 1.4 GeV (the ;ri(1400)) one gets fn « 50MeV, to be compared with 
fp = 216MeV. This leads to the following rough estimate of ratios of electroproduction 
cross-sections 

.a«(e^..,o^/5/.^^^^^^^^ (31) 



daP{Q^,XB,t) \3fp 

which does not change significantly 1 1001 when using Double Distributions 140111031 to 
model GPDs as well as when varying factorization and renormalization scales. 

It turns out that the range around 1400 MeV is dominated by the 02 (1329) (2++) res- 
onance, providing a possible playground for interference effects between H and 02- This 
is possible through the Krj channel, the presumable main decay mode for the ;ri(1400) 
candidate. Based on models for the two C = + and C = — corresponding GDAs, angular 
asymmetry studies can be performed with respect to the K polar angle in the Tzrj center-of- 
mass. 

Hybrid could be also copiously produced in 7*7 channel, i.e. at e+e^ colliders with 
one tagged out-going electron. This can be described in a hard factorization framework, 
as illustrated in Fig. [13] The basic result obtained in this framework is that the production 
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Fig. 13 Left: Factorization of the "fy^H process. Right: Hard part at leading order. 



amplitude for a hybrid state scales in 2~ in the same way as the one for the "non- 

exotic" 71" production. One also obtains an estimate for the ratio of squared matrix elements 
of scattering amplitude for a hybrid state M'^''^'^' versus a "non-exotic" production 

0^ - 20% . 

Based on BaBar counting rates of 7— s- 77' up to 2^ = 30 GeV~, one expect visible counting 
rates for 7*7— )• ;ri . If the state does not appear as a bump in the mass distribution, one may 
look for interference effects with the background opening the possibility to enhance the 
hybrid signal I104II . 



2.2 Spin transversity in the nucleon 

The transverse spin content of the proton is an observable which is non-diagonal with respect 
to helicity. Indeed, 

U)W - (32) 
spin along x helicity state 

An observable sensitive to helicity spin flip gives thus access to the transversity Ajq(x], 
which is very badly known. The transversity GPDs themselves are completely unknown. 
Chirality ± is defined by 

9± (z) = i ( 1 ± 7^)^(2) with q{z) = q+ (z) + q- (z) . (33) 

Achiral-even quantity consen'es chirality, like q±{z)Y^q±{—z) and qiiz)^^ Y' q±[—z) , while 
a chiral-odd operator reverses chirality, like q±{z) ■ 1 ■ q^{—z), ^±{z) ■ ■ q^{—z) and 
q±{z)[Y^ ,Y^]<^^{~z) ■ For a massless (anti)particle, chirality = (-)helicity. Transversity is 
thus a chiral-odd quantity. Now, since QCD and QED are chiral even (neglecting mass ef- 
fects), the observable we are looking for should have the form jz/ ~ (Ch.-odd) 1 $5 (Ch.-odd)2 . 

The dominant DA for pr is of twist 2 and chiral-odd ([7^ , 7^] coupling). Unfortunately, 
the scattering amplitude of the process y* N ^ pjN' is zero at twist 2. Indeed, at Bom order, 
the two diagrams shown in Fig. [14] vanish II105I . due to 7" [7'', 7*'] 7a = 0. This is true at any 
order in perturbation theory 11061 , since this would require a transfer of 2 units of helicity 
from the proton. This vanishing is true only a twist 2. A possible way out is to consider 
higher twist contributions, which do not vanish I107II108I . However processes involving 
twist 3 DAs may face problems with factorization (end-point singularities: see later). The 
process yp — s- K^p^n gives access to transversity at twist 2. The factorization picture of this 
process is similar to the factorization a la Brodsky Lepage of7+;r— >-;r-fpat large s and 
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Pt 



Fig. 14 The two diagrams contributing at twist 2 to y*A' — > p^W'. 






t « Mjp chiral-odd twist 2 GPD 




Fig. 15 Left: Factorization of the amplitude for the process 7+ TT — > ;r + p at large .v and fixed angle (i.e. fixed 
ratio t' /s); Center: replacing one DA by a GPD leads to the factorization of the amplitude for yp ^ 71^ pjn 
at large Mjp. Right: An example of non-vanishing diagram contributing to yp — > 71^ Pjti. 



fixed angle (i.e. fixed ratio t' /s,u' /s), as shown in Fig.[T5](left). This justifies the factoriza- 
tion of the amplitude for yp — )■ K^p^n at large M^p, as shown in Fig.[T5](center). A typical 
non- vanishing diagram is shown in Fig. [15] (right) At large s, with Pomeron exchange, a 
similar study was proposed earlier I109II110I . All these processes with a 3 body final state 
can give access to all GPDs: M|p plays the role of the 7* virtuality of usual DVCS (here in 
the time-like domain) and could be studied at JLab and COMPASS. 



3 Hard exclusive processes in the perturbative Regge limit 

3.1 Theorical motivations 

Consider the diffusion of two hadrons hi and h2, in the special limit where 

-\/y 2> other scales (masses, transfered momenta, virtualities...) Aqcd- (34) 

In this limit, typical large logarithms like Ofj Ini ~ 1 arise, and should be resummed. The 
dominant sub-series, in the called LLx approximation. 





+ iJl + 
~* ~.s(a5lnj 
leads, using the optical theorem, to the total-cross section 

s 



+ ■ 



(35) 



(ofj Inj 



(36) 
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with ap(0) - 1 = Cttj (C > 0) . This is the so-called BFKL Pomeron (Balitsky, Fadin, 
Kuraev, Lipatov) (4l|5][6l|71. This result violates QCD S matrix unitarity which states that 
55' = S = 1 ( i.e. Y.Pi'ob. = 1). The question is thus until when this result could be ap- 
plicable, and how to improve it. Phenomenologically, a longstanding question is how to test 
this dynamics experimentally, in particular based on exclusive processes. 

3.2 kj factorization 

Let us consider f Y* ^ P P scattering as an example. Using the Sudakov decomposition ( 114b 
where the two outgoing mesons flies along p\ and pi, and expanding each loop momentum 
integration according to 

ctk=^dad^cP-k^ (37) 

the dominant contribution for the amplitude, which scales like s in the two gluons approx- 
imation, is obtained in the approximation where the above and below gluon emissions are 
treated eikonally, with a <C oiquarks (above) and P <C /3quarks (below). The amplitude is dom- 
inated by the exchange of the f— channel gluons with non-sense polarizations (e^^ = p2, 
^Ns™ ~ '^P^^' ^^^^ approximation is illustrated in Fig. l3.2I This leads to the impact repre- 
sentation for the amplitude, in the two-gluon approximatior^, 

^ = is [ -^A 0f('ii)^Pip'O{k,r-k)0^^''^'^^P^''2\-k,-r + k) (38) 

J {27iyk~ {r — k)- 

where 4>^''^''^'''''?^ are the 'Yit{i)s{^i) ~^ Pl,t giko) ■ The LLx approximation is obtained 
when replacing the two gluon exchange by the BFKL ladder, thus changing the first term 
under the integration in Eq. OSt by the BFKL Green function. 

Note that the two channel gluons are off-shell, in contrast with usual collinear fac- 
torization. Since probes are color neutral, QCD gauge invariance implies that their impact 
factor should vanish when — >■ or r — A: — >■ 0. 



' Underlined letters denote euclidean two-dimensional vectors. 
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3.3 Meson production at HERA 

Diffractive meson production at HERA, the first and single e^p collider, running from 1992 
until 2007, is a typical application of the above tool. The "easy" case (from factorization 
point of view) is 7/f production: since m ~ 1/2 based on the non-relativistic limit for bound 
state of massive quarks 1701 . one avoids possible end-point singularities 111 1111 12lll 13111141 
I115II116II . At large t (providing the hard scale), light meson diffractive photoproduction 
Y + P ^ Pl.t +X (with a rapidity gap between the meson and the proton remnants) was 
studied at LLx based on A:^ -factorization II 17111 18llll9lll20ll . taking into account a possible 
chiral-odd coupling of the photon I121II122II123I . In these approaches, HI and ZEUS data 
seems to favor BFKL but end-point singularities for pr are regularized with a quark mass 
m = mp/2 while the spin density matrix is badly described. 

Exclusive electroproduction of vector meson yIj- + p ^ Pl,t + P was studied in 
Ref. I124II and a hierarchy for the helicity amplitudes T^^x^ of the process {X\ = 0, -|-1, — 1 is 
the photon helicity and X2 = 0, 1, — 1 is the vector-meson helicity) was obtained, modifying 
the pure SCHC according to 



Too > Tn > Tw > 7bi > 



(39) 



The recent HERA data I125lll26t are in agreement with the above hierarchy, as illustrated 
in Fig. [16] for the ratios Tji/Tbo and Tbi/Tbo, the two left panel showing in particular the 
twist 2 dominance of the amplitude Tqq with respect to the twist 3 dominated amplitudes 
7ii and Tqi. A similar approach to Arj- -factorization, based on the so-called dipole model 
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Fig. 16 Left: Ratio T[ 1 /Tqq (a) and 7oi /Too (b) as a function of |?| . Right (a) and (b): same ratios as a function 
of Q^, as measured by HI for ^ j- + p — > p^ r + P- Figures from 11261 . 



in transverse coordinate space I127II128I , has been developped 11291 and applied to HERA 
data I130lll3llll32lll33l . Besides, it turns out that the data can also be well described by 
a GPD like evolution, based on ICA for the coupling with the meson DA with a gaussian 
ansatz for the meson wave function combined with Sudakov resummation effects I79II80I 
[STI . There is however no complete description of this process starting from first principle. 

The light-cone coUinear factorization has been developped in order to deal with exclu- 
sive processes beyond leading twist I134II135I69. 68I, inspired by the inclusive case 11361 
1 13711 138II139II 14011141 II I42II . Recently, a new self-consistent and very efficient extension has 
been carried on at a full twist 3 level I143II144I . illustrated below for the "jf — 5- Pr impact 
factor at twist 3. It is a non-covariant technique in axial gauge based on the parametrization 
of matrix element along a light-like prefered direction z = A n (n = 2 p2/s). Using notations 
of Fig. |9] the pure twist 2 collinear approximation means = iipfi, which we should now 
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Fig. 17 Impact factor factorization up to twist 3. 

extend. A Sudakov expansion in the basis p ^ Pp, n (p^ = tr = and p ■ n = 1) is made, 
with the scaling indicated below each term 

lfi = iiPfi+ Ij, +{l-p)nii, u = l-n 

(40) 

1 1/G 1/G'. 
We now Taylor expand the hard part H{t) along the coUinear direction p 

{e-up)a + ... with (41) 

Fourier transform turns the contribution to a derivative of the soft term, of type 

ld\e-''^p{p)\xif{0)id^,xlf{zm. 

After Fierz transformation, this gives the two and three body factorized contributions to 
the impact factor symbolically shown in Fig. [TT] We are thus lead to introduce non-local 
correlators along the prefered direction z = A ra, with contributions arising from Taylor ex- 
pansion up to needed term for a given twist order computation, here 7 correlators at twist 
3, which are non-minimal. These correlators satisfies two equations of motion. Additionaly, 
the independence with respect to the choice of the vector n defining 

- the light-cone direction z: z = A « 

- the Pt polarization vector: ej ■ n = 

- the axial gauge: « ■ A = 

leads for the amplitude .s/ to an equation of the form 

^=0 (42) 

since only the _L component of n here matters, as illustrated in Fig.[T8l It can be shown that 
Eq. l l42b implies, for the factorized amplitude ji/ = // ® 5, a set of two equations among 
the non-local correlators. Finally, 3 independent DA are necessary, which are {y) (2-body 
twist 2 correlator), B(j'i,y2) (3-body genuine twist 3 vector correlator) and D{yi,y2) (3- 
body genuine twist 3 axial correlator). 

Another approach I145ll66ll67l , fully covariant but much less convenient when practi- 
cally computing coefficient functions, can equivalently be used. The dictionnary between 
these two approaches has been derived and explicitly checked for the }^ — > Pr impact factor 
at twist 3 I143II144I . This result, combined to a simple model for the proton impact factor, 
has been applied successfully 11461 to the ratios Th/Tqo and 7oi/7bo measured at HERA. 
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Fig. 18 Arbitrariness of the light-cone choice for n, under the constraint n - p= 1. 
3.4 Exclusive y(*'y(*) processes 

Exclusive y(*)y(*) processes are gold places for testing QCD at large s. Aside from studies 
of the inclusive ff total cross-section lll47lll48lll49lfT50lll51lll52lll53L there have been 
indeed several proposals in order to test perturbative QCD in the large s limit (?-structure of 
the hard Pomeron, saturation, Odderon...). These are based either on ultraperipheral events 
where the incoming photon are produced by leptonic or hadronic sources, or on single or 
double tagged e+e^ collisions. The first proposition was to consider y'*' {q) + [q') — )• J/W J/1', 
using the mass of the //f has a hard scale I154II155|| . Then, the double tagged lepton 
scattering at the International Linear Collider (ILC) e+e^ — s- pi{p\) + Pl{pi) has 
been proposed and studied I156II157II 15811 159ll 16011 161 L as an access to the subprocess 
7lt{i) '^YltW) ~^ Pl{p\) + Piipi)- These studies have proven the feasibility at ILC of 
these measurements, based on the expected high energy and high luminosity of ILCproject. 
A BFKL enhancement with respect to Born and DGLAP contributions is expecteqj, with a 
factor of the order of 4 to 5. 

Other proposals have been made, including searches for the elusive Odderon 11631 . the 
C-parity odd partner of the Pomeron. Apart from exclusive tests like 77^ ^c^c which only 
involve the tiny Odderon exchange I164lll65ll . it has been recently proposed to consider 
the 7+7— )■ K'^K^n'^K^ process. Since the n^n^ pair has no fixed C-parity, Odderon and 
Pomeron exchanges can interfere. Thus, although the Odderon contribution is presumably 
tiny, it appears linearly in the charge asymmetry 11661 . However, the distinction with pure 
QCD processes (with gluons intead of a photon) is tricky, and pile-up at CMS and ATLAS 
put severe conditions for this measurement. 



4 Conclusion 

Since a decade, there have been much progress in the understanding of hard exclusive pro- 
cesses. At medium energies, there is now a conceptual framework starting from first princi- 
ple, allowing to describe a huge number of processes. At high energy, the impact represen- 
tation is a powerful tool for describing exclusive processes in diffractive experiments; they 
are and will be essential for studying QCD in the hard Regge limit (Pomeron, Odderon, sat- 
uration...). Still, some problems remain. Proofs of factorization have been obtained only for 
very few processes (ex.: Y*P^YP^YlP^PlP-) For some other processes factorization is 
highly plausible, but not fully demonstrated at any order (ex.: processes involving GDAs and 
TDAs). Some processes explicitly show signs of breaking of factorization (ex.: "J^p — 5- PrP 
which has end-point singularities at Leading Order). Besides, models and results from the 
lattice for the non-perturbative correlators entering GPDs, DAs, GDAs, TDAs are needed, 

^ Note that this process 7* 7* —> PlPl is dominated at high energy by gluon exchange. At medium energies, 
quark exchange start to be the dominant contribution, which can be factorized in two ways involving either 
the GDA of the p pair or the 7* — > p TDA, depending on the polarization of the incoming photons (162J . 
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even at a qualitative level! The effect of QCD evolution, the NLO corrections, the choice of 
renormalization/factorization scale, power corrections will be very relevant to interpret and 
describe the forecoming data. At high energy and high luminosity colliders (LHC, Tevatron, 
ILC) exclusive processes are and will be essential for studying QCD in the hard Regge limit 
(Pomeron, Odderon, saturation effects...)- To conclude, one should notice that links between 
theoretical and experimental communities involved in exclusive processes are very fruitful. 
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